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AERODYNAMICS OF V/STOL AIRCRAFT POWERED BY LIFT FANS \

By David H. Hickey#®* and Woodrow 1,. Cook:#:#
SUMHARY

Datns from investigalions in the Ames Research Center's 40— by
80-Foot Wind Tunnel of large-scale V/STOL mcdels povered with 1ift fanse
are presented and analyzed to show the important parameters affecting
induced 1ift, drag, and pitching moment. While these effects can some-
times be accurstely calculated for fan-in-wing installations, a better
understanding of the limitations of the calculations is reguired to
allovw confident predictions. It is shown that the downwash from 1lift-
ing fens or engines mounted upstream of a wing unload the wing during
transition. Lift-fan povwered VIOL sircraft are shown to have signifi-
cant overload STOL capability if a gas power transfer control system
is uvsed, but with a separate ccntrol system the overload capability
may be small. Finally, it is shown that boundary-layer control can
orovide good inlet performance for very thin fan installaticns that

have small inlet radii.
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1. L¥FRODUCTION

IJASA Ames Research Center is conducting a comprehensive experimental
research program with large-scale V/STCL models powered with 1ift fans
to define the aercdynamic cheracteristics of fan povered aircraft in
transition. Aercdynamic interference betveen the fens and the airframe,”
transition performance, siability and conitrol, aud installaticn problems
are being svudied. Configuratione examined thus far include single and °
multiple fan-in-wing arrangements. remote fuselage-mounted fans, and
tanden fens (1-6).

This paper will summarize these experimental resulis and discuss
the calculation of some of the more important characteristies. OSpecif-
ically, the topics to be covered are induced 1ift, drag, moment varia-
tion with airspeed, trailing-edge flap contributicas, ground effect in
hover, transition performance, and the application of bounﬂary>Jayer
control to lift-fan inlets.

2. DESCRIPI.ON OF WODELS

Photographs of two typical 1lift-fan powered models installed in the
ho- by 80-foot wind tunnel are shown in I'ig. 1. All model configurations
tested and some of their pertinent dimensions are listed in Table 1.
When the models had more than one psir of symmetrical fans (models L,

6, and 7), several fan arrangements were tested; these are identified
by a model number and letter. Wing spasn of the models varied from
approximately 30 to 40 feet. Wing ares varied from 230 to 426 square
feet. Model 1 (1,2) featured an inlet one diameter deep with a circu-
ler inlet vane. Models 2 (3) and 3 (%) are typical fan-in-wing config-
wations; model 3 was intended to reptesent the Ryan XV-5A. Model i
not only has a spanwise variation of 7ans, but the 4 jnboard fans could
be varied chordwise. Model 5 hag a [i-percent-thick delta wing. In
order to permit fan ins! _lation in ‘this small depth, it was necessary
to modify the fan (discussed later) snd provide blowing boundary-leyer
control on the very small fan radius available in the outer half of the
wing. Model 6 (5,6) has tendem funs. as well as the fans mounted at the
extremities of the wing chord. Mode) 7 (5,6) has remote fans mounted on
the fuselage; the forward 1lift fen c¢uld -be mounted at several plsces
and the rear fen is a rotating‘tht-"ruise fan.

A n

2.1 . Pover Plants

R
General Electric tip turbine driven lift fans were used in all the
models. Models 1, 2, 3, and 5 had 5.2-foot-diameter fans similar to
the wing fans in the Ryan XV-5A. “odels 4, 6, and 7 had 3-foot-diameter .
fans similar to the XV-5A pitch fan. Both fan types were designed to
‘have ebout 1.1 pressure ratio. The ‘fans of all models except number 5
consisted of an inlet, rotor, and wounetream stator. The downstream
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stator was removed from rodel 5 so that the fan could be installed in
the 5-percent-thick delta wing. The outer 1200 of the 1liTt-fan inlet
was fitted with a2 slot %0 provide tlowing boundary-layer control on

the very small inlet radius (radius to diameter ratio as small as 0.016).

Inlet configuration and performance of thie models varied markedly:
for model 1 (deep inlet with circular vane) the inlet provided nearly
theoretical thrust variation with airsveed (full ram recovery) over the
transition speed range: for models 2, 3, 5, €, and 7 (shallow inlets
typical of fan-in-wing installations) the thrust inereascd at very low
speeds and dropred to 0 to 0 percent of the ~ero airspeed thrust at
the high speed end of transition; for model k with all six fans oper-
ating, thrust at ferwsrd speed was always less than the zero airspeed
value (in one case, 60 percent). All fans except the rotaving cruise
fan (model. 7) had a cascade of exit louvers similar to those used on
the Ryan XV-54 to vector fan thrust for horizontal force in the
transition flight regime.

One J-85 engine powered one 5.2-foot-diameter fan or four 3-foot-

diameter fans. When models 4, 6, and T were . ° ~ «ith two or six
fans, the excess J-85 flow was exhausted exter these cases,
model forces and moments Were corrected for the e.. S ercess
fiow.

2.2 Model Sizing

From comparison of wind-tunnel and flight-test results, ratios
have been derived (7) of model-to-wind-tunnel size that are known to
give negligibly small well effects. Fig. 2 shows the relative size
of the models investigated with respect to the recommended boundaries.
The ratio of fan area (1ifting element area) to wind-tunnel cross-
gectional area was within prescribed limits for all models. However,
momentum-ares ratios and span-to-tunnel width ratios were, in most
cases, larger than the recommended values. The recommended bounda-
ries (7) are based un limited experience and represent tentative
boundaries based on limited data. More experience may indicate the
feasibility of increasing mcdel sizes. Furthermore, for aircraft that
have concentrated lifting elements, such as lift fans, the most impor-
tant parameter is probably the area ratioc of the lifting element.
Based on this reasoning, the wind-tunnel wall effects are believed to
be small, and the results are uncorrected.

3. RESULTS AND DISCUSSION
. This section of the paper is organized im three parts. - The first
part deals with the interference between the fan airflows and the air-

craft flow field, and the effect of this interference on lift, drag,
and moment. The second part of the paper deals briefly with performance;
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that is, hover ground effect snd traneition performance. The third |
part of the paper presents recent work with boundary-layer control
applied to lift-fan inlets to permit very thin lift-fan installations.

3.1 Interference Effects *

Draving air from the upper side of s lifting surface and exhaust-
ing it at nigh velocity from the lower surface (as a fan-in-wing does)
induces 1ift and momeni on the ving, causes drag forces, and changes
trailing-edge flap effectiveness. Fans operating outside the wing can
also affect the flow field about the wing. The sense and magnitude of
these forces depend on wing geometry, fan location in or sbout the wing,
and relative size of the fan and wing. '

3.1.1 Induced 1ift.- Figure 3 shows th. variation of the ratio of
total model 1ift to fan static thrust with flight speed ratio (that is,
the ratio of free stream to fan exit airspeed). The absolute airspeed
shown corresponds to that of fans with a pressvre ratio of 1.3. The
data show that the lift variation with forward speed can either be posi-
tive or negative, depending on fan location. With fans near the wing
trailing edge, lift was increased more than 20 percent at 50 knots.

The induced 1ift shown in Fig. 4 for the same models was obtained by
subtracting fan thrust and power-off wing 1lift. A comparison of this
figure with Fig. 3 shows that the large difference between the models
in the variation of lift with forward speed is caused by different
induced 1lift.

A1l other variasbles being equal, induced 1lift is an inverse func-
tion of fan area to wing srea ratio (8). Fig. 5 shows the variation
with the fan-to-wing area ratio of induced lift to static thrust ratio
at a flight velocity ratio of 0.4, Of the 11 fan-in-wing configurations
6 fall in a narrow bgnd; however, models % and 6 are strongly influenced
by chordwise location. Induced lift increases as fans are moved afi.
The figure also indicates that if several small fans are distributed
spanwise, induced 1lift for a given fan area t6 wing area ratio will be
higher than if a single large fan is placed near the wing root. To
evaluate the effect of wing geometry, fan location, and fan distribu-
tion, without the effect of area ratio, the product of the ratio of )
induced lift to static thrust times the ratio of fan-to-wing arca was
calculated. Fig. 6 shows the variation of this value with flight veloc-
ity ratio for models I and 6. Again, the strong effect of fan chordwise
position is shown, but without the effect of area ratio, induced lift
of model 6b is less than that for model la, indicating that distributing
the fens spanwise overcame the effect of chordwise location. Maximum
induced lift would probably be given by a configuration that takes
advantege cf both effects, that is, fans distributed spanwise at the

wing trailling edge.
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3:1.2 Calculation of induced 1ift on fan-in-wing aircraft.- The effegt
on induced 1lift of the interrelationships between wing geometry, number
of fans, fan location, and fan area to wing ares ratio is complex. A
comprehensive and reasonably accurate theoreticsl approach is required
for predicting both 1ift and moment. None of the theoreticsl approaches
published to date have shown good agreement with theory for the msny
possible fan-in-wing arrangements. One simplified approach uses two-
dimensional jet flsp theory end three-dimensional wing theory (8). The
flow model postulated is shown in Fig. 7. The equation for induced 1ift
(8) can be expressed as

L4

S
Zl.p, 51 +C —3—] (1)
83 J 5. _3 Sog .

where Cle is dependent on wing geometry and diameter to span ratio and

the relationship in the brackets is the two-dimensional 1ift coefficient
based on the total shaded ares in Fig. 7. The gross wing area and aspect
ratio of model 6 were used in the calculation. The two tandem fans
(model 6a) were represented by a slot 1 diameter wide and 2 diamevers
long midway between the fans. In Fig. c\a) the measured induced 1lift is
compared to the induced 1ift calculated by the equation. In nearly all
cases, induced lift was less than predicted.

One problem in the theoretical approach to the calculation of
induced lift is defining the load-carrying ability of the portion of
the wing sft of the fan because the flow is separated on the lower sur-
face. This portion of the loading is represented by Cla(ss/sad) in
Eq. (1). The experimental results were analyzed to determine hat
other factor would produce bvetter agreement between experiment and
theory. Replacing Ci, by (VJ/V)3 2 was found to improve agreement
as shown in Fig. 8(b). The data for other velocity ratios are compared
with the modificd equation in Fig. 9. Although the sgreement is good
for many configurations, the equation does not adequately account for
such fundamentals as the effect of spanwise distribution of fans on
induced 1lift; therefore, improved theoretical approaches and a basic
understanding of the phenomers involved are required.

3.1.3 Induced effects of fans mounted on a fuselage.- Unloading of the
wing by downwash induced by & fan or engine is possible for fuselage
mounted fans. Lift fans were tzsted in three locations in front of the
ving on model 7. Fig. 10 presents the ratio of total lift-to-fan static
thrust as a function of flight velocity ratio for these three front lift-
fan locations. “‘The low fan position just forward of the wing leading edge
has the largest lift-to-thrust ratio over the whole velocity ratio range.
Surprising;y, ‘even if power-off wing lift is subtracted from the total, an

dncveaseof Lift-with forwrd speed is indicated rather than the expected

reduction of 1ift due to fan induced ving download. In order to analyze
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this resuit, wing 1lift was obtained from static pressure distributions
and 3s shown in Fig. 11. The results indicate that in all-locations fan
operation did cause negative wing 1lift over part of the velocity ratio
range, and, in the worst fan location, caused negative wing 1ift at all
airspeeds.

The wing lift in Fig. 11 was subtracted from the total 1lift in
Fig. 10 to give the total 1ift of the front fan; the upper shaded
banhd in Fig. 12 shows this result as a tfunction of airspeed. The lower
band of data represents the fan thrust measured by a pressure survey of
the fan wake. These bands represent the scatter in the data from the
three configurations. Lift on the fan fairings, induced by fan operi-
tion, is indicated by the difference between the two sets of data.
These results indicate that the 1lift induced on the front fan fairings
by fan operation is large enough to overcome the download on the wing
caused by dovnwash from the fan so that 1ift increases with airspeed.

The 1ift of model T with just the cruise fans operating is shown
as & function of airspeed in Fig. 13 for two duct angles. The locus
of the thrust equal to drag is also shown. TFor values when ajrplane
drag is trimmed the total Llift of the duct (wing lift subtracted from
the data in Fig. 13) is greater then static thrust despite the trigo-
nometric relationship between 1ift and thrust. This 1ift is a
significant feature of ducted fan aserodynamics.

The variation of lift-to-thrust ratio with velocity ratio or air-
speed (assuming a fan pressure ratio of 1.3) for a complete lift-cruise
fan configuration for which th2 thrust has been vectored to balance the
drag is shown in Fig. 14. The lines in the shaded area represent con-
stant duct angle; the drag with a given duct angle was balanced at each
sirspeed by adjusting the lift-fan exit louver angle. The shaded area
indicates the sensitivity of lift-to-thrust ratio to the combinations
of duct and vector angles redquired to balance drag. These results show
a marked increase in the 1lift ratio with flight velocity ratio which,
at higher speeds, is due entirely to the trailing-edge flap. Apparently,
at higher speeds downwash from the flap and front fans reduced the
cruise fan effective angle of attack so that positive induced lift of
the front and rear fans was cancelled.

The effective contribution to lift of a 1lift fan mounted in the
nose of model 3 is shown in Fig. 15. Nose fan thrust actually increased
with airspeed, but the downwash from the nose fan reduced oversll model
1ift until, at a velocity ratio of 0.5, only 40 percent of the fan
static thrust appeared as lift. Similar results are shown in Fig. 16
for model 4% with rotating Jet engine nozzles mounted upstream of the
wing. 8ince these results are for an engine with a hot exhaust,
momentum ratio must be used as the independent variable rather than
velocity ratio. The lift contribution of the engines was reduced by
downwash- from the engines acting on the wing, but the reduction was
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much less than with the nose fan in model. 3. These results indica.g
that fans or engines :ocated upstream of the wing should be avoided,

but if such a location is necessary, the lifting el=ments should be
minimue size. Furthermore, the control system should be designed so
that these elements can be shul dovm at the lowest practicable airspeed:

3.1.4% Drag i1 transition.- Computation of the drag caused by the turn-~
ing of a‘rflow into the fan (ram.drag) has provided good estimates of '
the variation of drag with airspeed for some models (8). Pesults in
Fig. 17 from model 4 indicate, however, that this result was fortuitous.
The variation of ram drag to static thrust ratio with flight velocity
ratio from the 2-, 4-, and 6-fan configurations falls in a small band,
while the measured values for the 2-fan configuration are much higher
than for the 6-fan configuration. Drag for the various arrangements

of model 4 can be more accurately estimated by Eq. (2)

2
A _Dbp  Di_ D AL%) Tg (2)

Ts Tg Tg Tg \Ts / 20AgV°

vhere the last term is induced drag based on 1ift on ti:ie wing, and the
momentum area (Ay) defined by the lifting element span. This use of the
induced drag relationship can be justified because the major portion of
the induced 1lift is concentrated near the fans. If the full wing span
momentum area is used, the induced drag change with nunber cof spanwise
fans is quite small.

3.1.5 Pitching moment.- Turning of airflow into the fan causes a nose-up
pitching moment as airspeed is increased. Fig. 18 sLows the variation
of moment, normalized by lift and effective fan diameter, with flight
speed ratio for several configurations. The tandem fan arrangement of
model 6 shows the smallest variation of moment with airspeed. When
trailing-edge flaps are used, the curve for nose-down pitching moment
from the flap tends to level off, then go in an increasing nose-down
direction as airspeed is increasef. Thus a trailing-edge flap usually
reduces moments required for trim. ‘The slope of this curve in the low-
spead region cen be used as an indicator of moment variation with air-
speed, and hes been presented as a function of local diareter to chord
ratio (8). More recent results have been added to that data and are
shown in Fig. 19. Except for the tandem fan arrangement (model 6a),

the slope of the curve increases as diameter to local chord ratio
decreases. As with induced lift, chordwise placement of the fans causes
significant variations. of moment with airspeed. Although there a-e :
some exceptions, the results indicate high induced 1lift will usualliy
generate large moments.

Since these moments appear as forces on the wing, it should be
possible to calculate the moment from the induced lift equation. If
‘the center of 1lift on the areas fore and aft of the fan is assumed to
fall at one-half of their respective chords, the equation for

SR PP RE S TGN
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center-of-pressure location in fractions of fan radiue is \
ALy
i (r2) o S (608 )
5. Ty R R
& (3) .
R

2/i~ + Ly - Eii
Tg Tg

A comparison of experimental and calculated center of pressure movement
is given below:

B(a/R)/B(VO/Vj) Agreement between -xperimental
Model Experimental Calculated and theoretical induced 1iit
1 3.5 1.6 Poor
2 3.h h.2 Good
3 3.9 2.7 Poor
ha, 7.2 7.3 Good.
hp 7.0 8.k Fair
he 8.k 9.2 Fair
ha 5.2 8.4 Good
5 h.7 h.3 Poor
6a 2.9 2.5 Good
6b 5.7 8.8 Good
6c 5.4 20.2 Poor

The table shows that center-of-pressure movement was predicted reason-
ably well 7 times out of 11, the same ratio as for induced 1ift, but
good agreement with induced lift did not always produce good agreement
for moment .

3.1.6 Effect of fan operation on flap effectiveness.~ The effect of fan
operation on the serodynamic contyibutions of a trailing-edge flap is
shown for model 4 in Figs. 20 to 22. Model It had a fuli-span single-
slotted trailing-edge flap. Fig. 20 eghows the effect of fan operation
on flap 1ift incrcment as a function of flight veloclty ratio. Fig. 21
shows the effect of fan operation on drag increment, and Fig. 22 shows
the effect on moment increment. These figures indicate that fan opera-
tion did affect these flap increments, especially when six fans were
operating. 'The amount and direction of the fan effects varied greatly
with number of fans, velocity ratio, sand exit louver deflection and
vhether fans were fore or aft in the wing. These large effects of fan
operation on flap increments are not clearly understood. The peculiar-

ities of flow in this area should be studied carefully to assure obtaining

the maxipum benefits from flaps. .
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3.2 Performance \

3.2.1 Groucd effect.- Fig. 23 shows the variation of 1lift and thrust
with ground height for models 1 and 3. Fan thrust decreased with height
at corstant rpm nearly the same amount for both the wing and fuselage
installation. Most of the thrust loss occurred below 2 diameters, and
was caused by reduced airflow in the region of the hub. The thrust luse
would be smaller if constant power operation vere permissible. For
model 1, with the single fon, the total 1ift loss at 1 diameber wos
quite severe, about 2/3 was caused by the thrust loss and about 1/3 by
adverse interactions between the ground and the model. For model 3,
with two fans, favorable interactions with the ground cancelled the fan
thrust loss, so that total forces on the model did not vary with ground
height.

Ground effect on model 4 wich 6 fans operating is shown in Fig. 2k,
Here, the distance to the ground is measured from tne bottom of the
fuselage; the average fan height is about 2 diameters higher. In this
case, fan thru.t was constant, because of the high wing installation.
The 1ift loss in ground effect was sbout 3 percent, but the wheel
fairings on the side of the fuselage caused an overall thrust loss of
gbout I percent and had about the same ground effect.

3.2.2 Transition performance.- Fig. 25 shows, for model ha, an estimate
of the variation with flight speed of required thrust-to-weight ratio,
exit louver deflection, and nose-mounted trim thrust reguired for a 6°
clinb angle. The basic data were modified by making fan thrust varia-
tion with speed more representative cf typical fan-in-wing performance.
It is assumed the aircraft is designed for VIOL but can be overloaded
for STOL. Results are presented for three different types of longi-
tudinal control system. One system has no direct thrust longitudinal
control system, sc is limited to STOL operation by the designed unbal-
ance of the model. The second system (called a separate control system)
has an auxilisry turbojet for trim, and the third is & power transfer
system that provides constant power input regardless of trim require-
ments. This means thatv all ducting is interconnected so that the power
not used for trim can be absorbed by the 1lift fans. The separate
control system shows no reduction of the required thrust-to-weight ratio
until za airspeed of 70 knots is reached. In fact, because of the
nose-up tendency with speed of lift-fan aircraft, the nose thrust is
reduced continually to trim the aircraft as airspeed is increased from
hover, but the excess installed 5hrust is not useble for improving STOL
performance. Therefcre, the aircraft cannot be loaded above the VIOL
weight unless the runway is long enough to allow acceleration above

T0 knots. With the aerodynamic or the power transfer control system, -
the thrust required at 70 kaots is 80 to 82 percent of the VIOL thrust.
These two control systems provide better STOL performance than the
geparate control system because the installed power can always be used
10 propel the aircraft. For an aircraft that 1s designed for STOL only,
required thrust-to-weight ratio will, be less than for the corresponding
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VIOL aircraft for all ihree control systems. With a power transfer .
system, a fan rpm margin of 17 percent above the hover rpm is required.
The rpm margin designed into the fans for hover control would probably
suffice. At an airspeed of 50 knots, thrust-to-weight ratio required
for a 60 climb is less than 0.9, and take-off distance would be aboutb
1000 feet. This 10 percent overload capability could provide a 60 per—°
cent increase in payload capability or about a 60 percent increase in
range for a lift-fan powered trarrvort aircraft (9), '
For model 7, the variation of required thrust, cruise fan duct
incidence angle, exit louver deflectica angle, and horizontal-tail
incidence angle and angle of atlack for trim are shown as a function of
airspeed in Fig. 26 for a transition at 0° angle of attack. The thrust
required data indicate that lift was not reduced with oirspeed for this
design. Duct inlet stall did roi appear to be a problem for this con-
Tiguration. The tail angle of attack for trim varied from 120 at
60 knots airspeed to 7° at 175 knots airspeed; this variation is not
extreme, and the magnitudes are small enough that tsil stall would not
1€ a problem. Aboubt half the tail moment capability is available for
moneuvering or providing stability. Bven less trim would be required
of the tail with a hover control contribution to trim.

3.3 Lift Fan Installation

3.3.1 Boundary-layer control..- Model 5 had a 5-percent-thick triangular
wing. In order to reduce fan depth for installation of the XV-5A type
fan in this thin wing, it was necessary to remove the rxit stator and
‘the outboard portion of the fan front f-ame and inlet. The ouier 180°
of the inlet was replaced by a circumferential slot which supplied &

Jet of high velocity air over a small radius (less than an inch in

some places) defined by the available wing thickness. Over the inboard

1600, the wing was thick enough for the normal XV-5A type inlet.

Fig. 27 shows the zero airspeed performance of this fan with the
BILC slot inlet wish and without BLC and with and without the stator
The 1lift fen without %he stator but with BLC had more lift than the
-conventional fan-in-wing 1ift-fan installation (with the stator).
" With the stator on, lift was higher than that measured with a cruise
fan inlet (10), and was, in fact, the highest 1ift ever measured for
this type of fan. Fig. 28 shows the radial variation of dynamic pres-
sure at the fan exit with and without BYC. On the side of the fan where
performance was dependent on BLC, the BLC 1. vided large gains. The
other side of the fan, however, also showed a significant improvement
when BLC was applied. Thus, BLC cn only half the fan circumference
improved flow through the whole fan. Fig. 29 shows the boundary-layer
control requirements. The ratio of lirt to lift without boundery-
layer control is shown as a function of the ratio of BLC momentum to
fan momentum. - For 3 percent BLC thrust, fan thrust was increased

30 percent.
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Tne effectivensss of toundary-lzyer conirol at foruard speed is
showm in Fig. 30. Torust st forvard spsed was somewhat higher than “with
& tonvenvicnal Lift fzn. Fig. 31 shous the variation of the ratio of
Lif% to 1ift without BLC as a function of BLC 3o fan momentum ratio and
the inmverse of the flizht speed ratio. This parameter is sebuslly the
ratio cf BLC morznitum to ram drag. Data at Jdifferent fan rpm and air- -«
spezds are correlated reasonsbly well by this parameter.

3-3-2 Thin fan designs.- The HASA condracted with the General Eleciric
Cozpeny (11) to study the design of $hin, high-pressure-ratio fans.
Depth was minimized by providiug minimum distance beiween components,
minimmn thickmess stages, eliminaving components, and by replacing the
etator with inlef guide vanmes. It was sFound thet the latter approsch
improved fan thrust-to-weight ratio and lift-to-volume ratio, but
slightly increased fan diameter. In Fig. 32, a 1.21 piressure ratio
iniet ﬂu,.ﬁe vane fan is compared with the modified 1.1 pressure ratio
*~58 fan with the BIC inlet. Except for the hub, the fans have the
sarme thickness; thus either inlet guide vane Fans or BILC inlets or a
combination of both can be used for very thin installations.

k., CONCIUDING REMARKS

I* has been shown that interference effects, that is, 1ift, drag,
and wopent, due to 1lift-fan operation are large and very dependent on
wing geometry, location of fans, and distribution of fans. In some
cases it is possible to predict these effects. However, Wing flows
behind the fan are not well wnderstocd, and must be before interference
effects can be calculated with confidence. Aerodynsmic contributions -
of trailing-edge flaps may be reduced by fan operation, and reseaxrch is
reguired to define the type and location of flap that will be useful
both with the fans on and off. Downwash from fans or vertically thrust-
ing engines placed upstream of the wing will uwnload the wing. Induced
effects on the remote fan Ffairings can overcome the unloading from the
downwash. The fiow fields from the remcte lifting elements will probably
interact and make estimation of total interference effects difficult.

As in other vertical jet types, ground effects on lift-fan powered
aircraft are dependent on configuration. The fans themselves can be 3
another source of lift loss in ground effect. Thrust required and ; )
momente for trim in transition are reesonable. STOL operation of over- b
loaded VIOL lift-fan aircraft provides significant gains in range or ’é
payload.

Bloving boundarv-—layer control aspplied to very short 1ifs-far. inlets
will probably improve net performance and permit very thin, efficient,
lift-fan installations. Substituting inlet guide vanes for the stator
on a conventional fan may be another way of provint:g thin lift-fan
insta].lations.

o
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NOMENCLATURE

fan srea, sq fu

distance icom fan axes to center of pressure, fi *
blowing boundary-layer control

half-span of wing, ft

local wing chord, ft

the varistion of 1ift coefficiert with Ylap deflection for unity
flap-wing-chord ratio, per radian

- T
thrust coefficient, ag

momentum coefficient, 72—
G521

two-dimensional wing chord, £t

the variation of two-dimensional 1ift coefficient with jet
momentum coefficient, per radiasn, 3.0 .Cy

fan diameter, ft

i, i/2
effective fan diameter, (}E#) , T
induced drag, 1lb

ram drag, 1lb

height from ground plane, ft

angle of incidence of rotating cruise fan ducts, deg

. gt e e
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incidence of the horizontal tail, deg
1ift of the model, lb

ving 1ift, 1b

dynamic pressure, 1b/ftZ =

fan radius, £t

rm@ial'distance,from fan axis, ft ' : S !




fan rotational sneed, revolutions per minute )
wing ares, sq £t

fan or engine gross thrust in the vevtical direction, lb
girspecd, knots

airspeed of 1an exhaust, knots

aircraft gross weight, 1b

dietance from leading edge of wing to fan radius, £t

s le of atbtack, deg

angle of exit louvers from the vertical, deg

difference in drag coefficient increment due to tralling-edge
flape

difference in 1ift coefficient increment due to trailing-edge
flaps

difference in pitching-moment coefficient due to trailing-edge
flaps

drag due %o 1lift-fan operation, 1b

1ift induced by lift-fan operation, lb

two-dimensional jet fiap angle, 2%7:52 , radians

angle of lift-cruise engine nozzles from the vertical, deg

Subscripts
fan power off
V=0
pertaining to the areas in Fig. 7

two dimensional
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